1. Introduction {#sec1-polymers-11-01808}
===============

Aliphatic polyesters are among the most widely used synthetic polymers in biomedical applications, including nanoparticles for drug delivery \[[@B1-polymers-11-01808]\] and scaffolds for tissue regeneration \[[@B2-polymers-11-01808],[@B3-polymers-11-01808]\]. While medium size lactones such as caprolactone and lactide are the most common feedstock monomers \[[@B4-polymers-11-01808],[@B5-polymers-11-01808],[@B6-polymers-11-01808]\], aliphatic polyesters from the ring-opening polymerisation of macrolactones have created some interest as alternative biocompatible polymers \[[@B7-polymers-11-01808]\]. Specifically, unsaturated macrolactones (e.g., globalide) can be used to introduce structural handles for further post-polymerisation modification, a transformation that is very difficult to achieve with conventional lactone derived polyesters. For example, it was demonstrated that hydroxyl and amino groups \[[@B8-polymers-11-01808],[@B9-polymers-11-01808]\], controlled radical initiators \[[@B10-polymers-11-01808]\], poly(ethylene glycol) (PEG) \[[@B11-polymers-11-01808]\], and the drug N-acetylcysteine \[[@B12-polymers-11-01808]\] could be attached to poly(globalide) (PGl) by thiol--ene reactions of the respective functional thiols with unsaturated bonds in the polymer backbone. The unsaturation can further be exploited to crosslink PGl to obtain novel biomaterials for drug delivery systems \[[@B6-polymers-11-01808],[@B8-polymers-11-01808],[@B13-polymers-11-01808],[@B14-polymers-11-01808]\].

Electrospinning is a particularly useful technique to produce porous, high surface area mats of sub-nano to micron size fibres \[[@B15-polymers-11-01808],[@B16-polymers-11-01808],[@B17-polymers-11-01808]\]. It has been exploited to design materials for tissue engineering \[[@B18-polymers-11-01808],[@B19-polymers-11-01808]\], drug delivery applications \[[@B20-polymers-11-01808],[@B21-polymers-11-01808],[@B22-polymers-11-01808]\], as well as supports to immobilise and entrap proteins and enzymes \[[@B23-polymers-11-01808],[@B24-polymers-11-01808],[@B25-polymers-11-01808]\]. Crosslinking of electrospun fibres, either during or post-electrospinning, has recently been proposed as an approach to manipulate the fibre properties while maintaining their structural integrity. Examples include fibres from natural polymers such as diisocyanate crosslinked gelatine \[[@B26-polymers-11-01808]\], hybrid systems, for example, UV-crosslinked collagen/poly(vinyl alcohol) fibres for improved control of salicylic acid release \[[@B27-polymers-11-01808]\], as well as synthetic polymers such as UV-mediated thiol--ene crosslinked oxazoline fibres \[[@B28-polymers-11-01808]\]. We have recently disclosed the first example of thiol--ene crosslinked electrospun fibres from unsaturated PGl polyesters and demonstrated soak loading of drugs in organic solvents without compromising fibre morphology \[[@B29-polymers-11-01808]\]. While these materials offer clear advantages, including their biocompatibility and degradability, the spinning and *in situ* crosslinking of the fibres presented some challenges inherent to the electrospinning process. The latter comprises the extrusion of the formulation containing a solvent, PGl and hexamethylene dithiol through the nozzle followed by passing through a UV light for crosslinking. In this step, all volatile components evaporate, producing a dry crosslinked fibre. Due to the presence of the dithiol, this creates a strong odour, which limits the use of this system in most nonchemistry laboratories. We were thus seeking a different chemical approach that utilises the PGl double bonds and allows efficient fibre crosslinking yet omits the use of dithiols. Triazolinediones (TADs) were identified as suitable alternative crosslinkers. TADs have recently undergone a resurgence in use, mainly for the modification and crosslinking of polymers, due to advances in TAD synthesis and their ability to react in a matter of seconds to minutes at ambient temperatures without the need for any catalyst \[[@B30-polymers-11-01808],[@B31-polymers-11-01808]\]. TADs undergo a number of reactions, the most important ones being electrophilic aromatic substitution, the Diels--Alder reaction and the Alder--ene reaction with highly activated aryl systems, conjugated dienes, and alkenes, respectively \[[@B21-polymers-11-01808]\]. As the double bond is preserved in the Alder--ene reaction, further functionalisation can be undertaken utilising the shifted double bond. TADs have been used to modify unsaturated polymers \[[@B32-polymers-11-01808]\], prepare films \[[@B33-polymers-11-01808]\], produce hydrogels \[[@B34-polymers-11-01808],[@B35-polymers-11-01808]\] and produce crosslinked nanostructures \[[@B36-polymers-11-01808]\]. In one example, a bis-functional TAD was applied to unsaturated fatty acids to produce crosslinked films from vegetable oils \[[@B37-polymers-11-01808],[@B38-polymers-11-01808]\]. Moreover, Heijden and co-workers studied the post-treatment of electrospun styrene--butadiene--styrene (SBS) triblock copolymer fibres by submerging the membranes in TAD solutions in order to improve their mechanical properties \[[@B39-polymers-11-01808],[@B40-polymers-11-01808]\].

Here, for the first time, we utilised the fast and selective TAD chemistry for the modification and crosslinking of unsaturated poly(macrolactone)s. By optimising the reaction conditions, crosslinked electrospun aliphatic polyester fibres were obtained. Through this process, surface crosslinked semi-crystalline fibres as well as fully amorphous fibres with improved mechanical strength and elongation at break were obtained. This methodology offers an avenue to crosslinked fibres from aliphatic polyesters, a class of materials extensively used as biomaterials.

2. Materials and Methods {#sec2-polymers-11-01808}
========================

2.1. Chemicals {#sec2dot1-polymers-11-01808}
--------------

All chemicals were purchased from Sigma-Aldrich unless otherwise noted. Globalide (Gl, 97% purity) was purchased from Symrise, Holzminden, Germany and immobilised lipase B from *Candida antarctica* (Novozym 435) was purchased from Novozymes S/A, Kalundborg, Denmark. Dry ethanol was purchased from Romil, Cambridge, United Kingdom. Hexamethylene bisTAD (HM--bisTAD) and methylene diphenyl bisTAD (MDP--bisTAD) were synthesised as previously reported (see [supplementary information](#app1-polymers-11-01808){ref-type="app"} for methodology and characterisation, [Figures S1--S6](#app1-polymers-11-01808){ref-type="app"}) \[[@B35-polymers-11-01808]\].

2.2. Synthesis of Poly(globalide) (PGl) {#sec2dot2-polymers-11-01808}
---------------------------------------

PGl synthesis was conducted in toluene at a globalide: toluene mass ratio of 1:2 (10 g of globalide:20 g of dried toluene) and 6 wt % of Novozym 435 in relation to monomer. The reaction proceeded for 4 h at 60 °C. Then, dichloromethane (DCM) was added, and the final solution was filtered and precipitated in cold methanol. The precipitate was dried under vacuum at room temperature to result in a polymer with a number average molecular weight (*M*~n~) of 20,000 g/mol (Đ: 3.5, [Figure S7](#app1-polymers-11-01808){ref-type="app"}). Yield: 80%. ^1^H-NMR with peak assignments depicted in [Figure 1](#polymers-11-01808-f001){ref-type="fig"}A.

2.3. Modification of PGl with PTAD {#sec2dot3-polymers-11-01808}
----------------------------------

One hundred milligrams of PGl was dissolved in 0.5 mL chloroform. PTAD (TAD: ene molar ratio ca. 1:1) measuring 72.7 mg (0.415 mmol) was dissolved in acetonitrile and then added to the PGl solution. The reaction was allowed to proceed for 3 h at room temperature. After PTAD addition, the colour changed from red to maroon, brown and finally pale yellow ([Figure S8](#app1-polymers-11-01808){ref-type="app"}). Finally, the solution was precipitated in acetonitrile and the obtained polymer was dried under vacuum for further characterisation. Yield: 81%. ^1^H-NMR with peak assignments is depicted in [Figure 1](#polymers-11-01808-f001){ref-type="fig"}A.

2.4. Crosslinking of PGl with HM--bisTAD {#sec2dot4-polymers-11-01808}
----------------------------------------

For materials imaged in [Figure 1](#polymers-11-01808-f001){ref-type="fig"}B, 3 mg of PGl (0.0125 mmol) was dissolved in 0.1 mL of chloroform. Then, 4.36 mg (0.0155 mmol) of HM--bisTAD was dissolved in 0.1 mL acetonitrile/chloroform mixture (60/40). Then, the HM--bisTAD solution was added to the PGl solution, and the vials were monitored until the disappearance of the pink colour and gel formation.

2.5. Electrospinning of PGl and In-Situ Crosslinking by bisTADs {#sec2dot5-polymers-11-01808}
---------------------------------------------------------------

The electrospinning was performed using a Spraybase electrospinning machine with a stationary collector and a nozzle diameter of 1.02 mm (18 G) based on a protocol described previously by our group at room temperature without specific humidity control \[[@B29-polymers-11-01808]\]. PGl concentration was kept at 30 wt % (in DCM). Voltage, flow rate and distance from tip to collector were set at 12 kV, 100 μL/min and 15 cm, respectively. PGl fibres were collected in a 10 wt % bisTAD (HM--bisTAD or MDP--bisTAD) solution in acetonitrile. Then, the crosslinked fibres were rinsed in acetonitrile and dried under vacuum prior to characterisation.

2.6. Post-Crosslinking of PGl Fibres by bisTADs {#sec2dot6-polymers-11-01808}
-----------------------------------------------

PGl fibres were obtained using a Spraybase electrospinning machine applying the same conditions described in [Section 2.5](#sec2dot5-polymers-11-01808){ref-type="sec"}, with the only exception being that the fibres were collected on a Teflon plate covered with aluminium foil. The electrospun mats were cut in a dog-bone shape and submerged in a TAD solution (HM--bisTAD or MDP--bisTAD) in acetonitrile using a molar ratio TAD: ene of circa 1:2 and TAD concentration of 0.018 mol/L. After 24 h, the fibres were washed with an excess of acetonitrile to remove any unreacted TAD and dried under vacuum. In order to achieve further crosslinking, the partially crosslinked fibres were submerged in a second TAD solution at the same concentration as for the first crosslinking but using a mixture of chloroform and acetonitrile as solvents (1:1).

2.7. Methods {#sec2dot7-polymers-11-01808}
------------

^1^H-NMR spectra were recorded using a Bruker spectrometer at 400 MHz. Chemical shifts were reported in parts per million (ppm) using tetramethylsilane (TMS)-0.01% (*v/v*) (δ = 0.00 ppm) as internal standard. The samples were solubilised in CDCl~3~ (δ = 7.26 ppm). Thermal analysis of the modified polymers was conducted using a TA Instruments Q200 DSC, Newcastle, United Kingdom, using approximately 9.0 mg of dried purified polymer. Temperature profiles from −10 to 120 °C with a heating and cooling rate of 10 °C/min were applied under nitrogen atmosphere. The melting temperatures were determined by the second heating. The morphology was verified by scanning electron microscopy (SEM) with a Zeiss Ultra Plus SEM instrument, Oberkochen, Germany (Gemini column). Samples were placed on conductive carbon stubs and coated with Pt/Pd. An accelerating voltage of 2 kV was used for all samples. Fibre size distribution was accessed by selecting randomly at least 100 fibres for each image using the software ImageJ, Bethesda, MD, USA, and reported as an average. Mechanical properties as tensile strength and elongation at break were measured using a Zwick/Roell model Z2 machine, Herefordshire, United Kingdom, equipped with a 50 N load cell. The electrospun mats were cut in a dog-bone shape (63.6 mm in length and ca. 1.2 mm in thickness) and 5 measurements of each sample were performed.

3. Results and Discussion {#sec3-polymers-11-01808}
=========================

3.1. TAD Modification and Crosslinking of PGl {#sec3dot1-polymers-11-01808}
---------------------------------------------

Macrolactones can readily be polymerised by enzymatic ring-opening polymerisation \[[@B7-polymers-11-01808],[@B41-polymers-11-01808],[@B42-polymers-11-01808],[@B43-polymers-11-01808]\]. Here, PGl was obtained by the *Candida antarctica* Lipase B (CALB) catalysed polymerisation of Gl at a molecular weight of 20,000 g/mol (Đ: 3.5). In order to demonstrate the feasibility of the PGl modification via a triazolinedione reaction, commercial 4--phenyl--1,2,4--triazoline--3,5-dione (PTAD) was used as a monofunctional model compound. The reaction between PGl and PTAD was investigated in THF using a fixed amount of the reactants (molar ratio PGl--ene to PTAD circa 1:1). The reaction could be monitored visually by the disappearance of the red PTAD colour ([Figure S8, ESI](#app1-polymers-11-01808){ref-type="app"}). After precipitation, the ^1^H-NMR spectrum of the polymer revealed aromatic protons ascribed to the conjugated PTAD (g in [Figure 1](#polymers-11-01808-f001){ref-type="fig"}A) as well as a new signal centred at 4.6 ppm assigned to the newly formed C--N bond due to the urazole introduction (f in [Figure 1](#polymers-11-01808-f001){ref-type="fig"}A). Comparison of this signal with the signal at 4.1 ppm (e in [Figure 1](#polymers-11-01808-f001){ref-type="fig"}A) revealed a double bond conversion of \>90%. Notably, PGl is a semicrystalline polymer, but after PTAD modification, a transparent pale yellow glass-like polymer was obtained. Thermal analysis ([Figure S9](#app1-polymers-11-01808){ref-type="app"}) confirmed the reduction in polymer crystallinity in agreement with previous reports on PGl double bond modification \[[@B9-polymers-11-01808]\]. In the next experiment, the crosslinking of PGl was attempted by adding a chloroform/acetonitrile solution of bisTAD to a solution of PGl in chloroform ([Figure 1](#polymers-11-01808-f001){ref-type="fig"}B). Hexamethylene bisTAD (HM--bisTAD) and methylene diphenyl bisTAD (MDP--bisTAD) were selected, as both have previously been used in crosslinking reactions \[[@B35-polymers-11-01808]\]. Irrespective of the selected bisTAD, the final mixture became viscous within 30--35 seconds, and gelation was observed ([Figure 1](#polymers-11-01808-f001){ref-type="fig"}B). After 10 minutes, the pink colour completely disappeared, indicating a successful TAD crosslinking of the PGl. A swelling test in dichloromethane (DCM) revealed that the obtained organogels could absorb about 16 times their own weight.

3.2. Electrospinning of PGl and TAD Crosslinking {#sec3dot2-polymers-11-01808}
------------------------------------------------

The crosslinking experiments highlighted that reaction between the bisTADs and the PGl occurs too fast to mix both components prior to the electrospinning. To overcome this problem, we devised a method in which the PGl fibres were spun first and subsequently crosslinked by incubation in a bisTAD solution for post-spinning crosslinking ([Figure 2](#polymers-11-01808-f002){ref-type="fig"}). Therefore, the PGl was solubilised in DCM, and the electrospinning parameters were set according to a literature protocol \[[@B29-polymers-11-01808]\]. In the first instance, the fibres were collected directly in a mixture of HM-- or MDP--bisTAD in acetonitrile in order to allow *in situ* crosslinking in the collector. Acetonitrile was selected as a nonsolvent for PGl to avoid fibre dissolution. As observed in [Figure 3](#polymers-11-01808-f003){ref-type="fig"}, homogeneous PGl fibres of around 10 µm were obtained (fibre size distribution, [Figure S10](#app1-polymers-11-01808){ref-type="app"}). While diameters are comparable to non-crosslinked fibres, SEM images also reveal notable differences between crosslinked and non-crosslinked fibres. Overall, non-crosslinked fibres appear more homogeneous ([Figure 3](#polymers-11-01808-f003){ref-type="fig"}a--c), while *in situ* crosslinked fibres display a more wrinkled surface morphology ([Figure 3](#polymers-11-01808-f003){ref-type="fig"}d--f). However, large parts of the fibres could be dissolved, indicating incomplete crosslinking with bisTADs in the collector, thereby limiting the feasibility of this approach.

We hypothesised that the first approach produced only inhomogeneously crosslinked fibres due to the slow diffusion of bisTAD into the material. However, the fact that the crosslinking can be controlled by the diffusion of the bisTAD into the fibres opens interesting opportunities. For example, it should allow us to use the degree of crosslinking to manipulate the fibre's mechanical properties. To further investigate this, dry fibres were first collected and subjected to a two-step crosslinking process as depicted in [Figure 4](#polymers-11-01808-f004){ref-type="fig"}. In the first step, the fibres were incubated in bisTAD solution in the non-solvent acetonitrile to achieve lightly crosslinked fibres. It was rationalised that this would result in crosslinking of the PGl present on the fibre surfaces. Full crosslinking was then achieved by a second incubation in a bisTAD solution containing a solvent mixture of acetonitrile and chloroform. The latter is a good solvent for PGl and was envisaged to facilitate fibre swelling, enabling bulk diffusion and crosslinking by bisTAD. No dissolution of the fibres in this second step was observed; instead, solvent swelling of the fibres occurred, supporting the notion of surface crosslinking in the first step. The swollen fibres were left to react with bisTAD in the second solution for 24 h to ensure enough time to complete the reaction. The gel content was accessed by incubation of the fibres in chloroform to remove any unreacted PGl. After incubation, the fibres were dried to constant weight and gel contents of around 80% and 95% were determined after the first and second crosslinking, respectively.

Differential scanning calorimetry (DSC) analysis showed a defined melting temperature (*T*~m~) of around 40 °C after the first crosslinking in agreement with the semicrystalline structure of PGl ([Figure 5](#polymers-11-01808-f005){ref-type="fig"}a). These results are in agreement with partly or lightly crosslinked fibres, presumably at the fibre--solvent interface, thereby sealing the fibre surfaces, while inner parts of the fibres remained un-crosslinked. After the second crosslinking, DSC analysis ([Figure 5](#polymers-11-01808-f005){ref-type="fig"}a) confirmed a significant reduction of crystallinity for the HM--bisTAD treated samples and completely amorphous polymer fibres for the MDP--bisTAD treated samples ([Figure 5](#polymers-11-01808-f005){ref-type="fig"}b). SEM images in [Figure 6](#polymers-11-01808-f006){ref-type="fig"} highlight that the fibre morphology is retained after the second crosslinking procedure and diameters remain around 10--12 µm for crosslinked fibres irrespective of the bisTAD used. These values are comparable to the untreated PGl fibres of around 10 µm (fibre diameter distributions in [Figure S12](#app1-polymers-11-01808){ref-type="app"}).

After the two-step crosslinking, an improvement in the fibres' mechanical properties was observed ([Figure 7](#polymers-11-01808-f007){ref-type="fig"}). While non-crosslinked PGl fibres presented a tensile strength of 0.3 ± 0.08 MPa, crosslinking with HM--bisTAD and MDP--bisTAD increased values to around 1.9 ± 0.43 and 2.4 ± 0.44 MPa after first incubation in TAD solution and 2.7 ± 0.8 and 3.9 ± 0.5 MPa after second bisTAD incubation, respectively, which corresponds to 600%, 800%, 900%, and 1300% higher values than those of untreated fibres. This represents a significant improvement over fibres obtained via electrospinning/*in situ* UV-initiated thiol--ene crosslinking with only a 194% increase in the tensile strength when compared with non-crosslinked PGl \[[@B29-polymers-11-01808]\]. After the second incubation, the fibres also showed increased elongation at break when compared with the first crosslink (from 8.5% to 45% and from 7.5% to 31% when HM--bisTAD and MDP--bisTAD were used, respectively).

4. Conclusions {#sec4-polymers-11-01808}
==============

We devised a novel approach to crosslinked polyester fibres combining electrospinning and robust, fast and efficient TAD chemistry. By selecting the correct solvent/TAD combination for the incubation of fibres, surface crosslinked fibres with a semicrystalline core and fully crosslinked amorphous fibres with enhanced mechanical properties were obtained. The presented approach opens possibilities beyond the modulation of mechanical properties, for example, selective loading of drugs into the crosslinked fibres for drug delivery applications.

The following are available online at <https://www.mdpi.com/2073-4360/11/11/1808/s1>, Experimental procedures, Figure S1: ^1^H-NMR spectrum of hexamethylene bishydrazine carboxylate in DMSO-d6., Figure S2: ^1^H-NMR spectrum of hexamethylene bisurazole in DMSO-d6. Figure S3: ^1^H-NMR spectrum of hexamethylene bisTAD in DMSO-d6. Figure S4: ^1^H-NMR of methylene diphenyl bishydrazine carboxylate in DMSO-d6. Figure S5: ^1^H-NMR spectrum of methylene diphenyl bisurazole in DMSO-d6. Figure S6: ^1^H-NMR spectrum of methylene diphenyl bisTAD in DMSO-d6. Figure S7: GPC trace of poly(globalide) homopolymer. Figure S8: Reaction medium after initial mixing, 3 hours and after overnight reaction of PTAD and PGl using THF as solvent. Figure S9: Differential scanning calorimetry thermograms (second heating curve) before and after modification of PGl with PTAD. Figure S10: Fibre size distribution of PGl fibres (a) and crosslinked fibres with MDP-bisTAD after electrospinning of PGl and fibre collection in bisTAD solution (b). Figure S11: Additional SEM images of crosslinked PGl/HM-bisTAD (a,c) and PGl/MDP-bisTAD after swelling in dichloromethane. Figure S12: Fibre size distribution of crosslinked PGl/HM-bisTAD fibres (a) and crosslinked PGl/MDP-bisTAD (b) after second incubation in TAD solutions. Figure S13: Photographic images of non-crosslinked PGl fibres (a), fully crosslinked PGl/HM-bisTAD fibres (b) and fully crosslinked PGl/MDP-bisTAD fibres (c).
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![(**A**) Proton nuclear magnetic resonance (^1^H-NMR) spectra of poly(globalide) (PGl), and PGl reacted with phenyl-- TAD (PTAD); (**B**) reaction of PGl with hexamethylene bisTAD (HM--bisTAD).](polymers-11-01808-g001){#polymers-11-01808-f001}

![Electrospinning of PGl fibres directly into a bisTAD containing collector solution; note that only the MDP-bisTAD crosslinked product is depicted.](polymers-11-01808-g002){#polymers-11-01808-f002}

![SEM images of electrospun PGl (**a**--**c**) and PGl collected in a solution of MDP--bisTAD (**d**--**f**).](polymers-11-01808-g003){#polymers-11-01808-f003}

![Two-step crosslinking procedure to obtain PGl fibres with different degrees of crosslinking.](polymers-11-01808-g004){#polymers-11-01808-f004}

![Differential scanning calorimetry thermograms (second heating curve) of (**a**) first incubation of PGl fibres and (**b**) second incubation of partial crosslinked PGl fibres in HM--bisTAD and MDP--bisTAD.](polymers-11-01808-g005){#polymers-11-01808-f005}

![SEM images of plain PGl (**a**,**d**); crosslinked PGl/HM--bisTAD (**b**,**e**) and crosslinked PGl MDP--bisTAD (**c**,**f**).](polymers-11-01808-g006){#polymers-11-01808-f006}

![(**a**) Stress strain curves; (**b**) and tensile strength of PGl, PGl HM--bisTAD\* (first incubation), PGl HM--bisTAD\*\* (second incubation), PGl MDP--bisTAD\* (first incubation) and PGl MDP--bisTAD (second incubation) fibres.](polymers-11-01808-g007){#polymers-11-01808-f007}
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